US008987117B2
a2y United States Patent (10) Patent No.: US 8.987.117 B2
OKkumura et al. 45) Date of Patent: Mar. 24, 2015
(54) SEMICONDUCTOR OPTICAL INTEGRATED (58) Field of Classification Search
DEVICE AND METHOD FOR FABRICATING CPC oo, HO1L 29/06; HO1L 21/00
THE SAME USPC oo 438/478, 31; 257/632; 385/12-16,

(71) Applicant: Fujitsu Limited, Kawasaki-shi,
Kanagawa (JP)

(72) Inventors: Shigekazu Okumura, Kawasaki (JP);
Mitsuru Ekawa, Ischara (JP); Shuichi
Tomabechi, Atsugi (JP); Ayahito
Uetake, Ischara (JP)

(73) Assignee: Fujitsu Limited, Kawasaki (JP)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 0 days.

(21)  Appl. No.: 13/966,592

(22) Filed: Aug. 14,2013
(65) Prior Publication Data
US 2013/0330867 Al Dec. 12, 2013

Related U.S. Application Data

(60) Davision of application No. 13/611,099, filed on Sep.
12, 2012, now Pat. No. 8,565,279, which 1s a
continuation of application No. PCT/JP2011/050326,
filed on Jan. 12, 2011.

(30) Foreign Application Priority Data
Mar. 29,2010 (IP) oo, 2010-074204
(51) Imt. CL.
HOIL 21720 (2006.01)
HO1S 5720 (2006.01)
(Continued)
(52) U.S. CL
CPC ..o HO01S8 572081 (2013.01); B82Y 20/00
(2013.01); HO1S 5/0265 (2013.01);
(Continued)

385/128-132, 31, 377, 40, 50
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,459,747 A
6,411,765 B1*

10/1995 Takiguchi et al.
6/2002 Ono ....oviiviniiiiiin, 385/131

(Continued)

FOREIGN PATENT DOCUMENTS

JP 05-251812 9/1993
JP 07-038204 2/1995
(Continued)
OTHER PUBLICATIONS

Japanese Office Action 1ssued for Japanese Patent Application No.
2010-074204 dated Jan. 21, 2014.

(Continued)

Primary Examiner — Yuanda Zhang
Assistant Examiner — Sheikh Maruf

(74) Attorney, Agent, or Firm — Kratz, Quintos & Hanson,
LLP

(57) ABSTRACT

A semiconductor optical integrated device includes a first
semiconductor optical device formed over a (001) plane of a
substrate and a second semiconductor optical device which 1s
formed over the (001) plane of the substrate in a (110) orien-
tation from the first semiconductor optical device and which
1s optically connected to the first semiconductor optical
device. The first semiconductor optical device includes a first
core layer and a first clad layer which 1s formed over the first
core layer and which has a crystal surface on a side on a
second semiconductor optical device side that forms an angle

0 greater than or equal to 55 degrees and less than or equal to
90 degrees with the (001) plane.

> Claims, 235 Drawing Sheets

200a

/

N - \
220 —f t
A Y 220
210 \
: :
N
N
209 —F ( : : 1 — 209
s s
208 —R 208
N \
N N
— = — 204
Ny
\ 3
\ N . | 203
2028 —~ LM LU S T Iy
202 —K | | 5
N
E E [001]
201 % :
N e e e e

[110]

206 219 [-110]



US 8,987,117 B2

Page 2
(51) Int.CL FOREIGN PATENT DOCUMENTS
B82Y 20/00 (2011.01)
moissxs  Gueon (A e O
HOLS 532 (2006'02‘) JP 2001-189523 Al 7/2001
HOIS 5/022 (2006.01) - |
H JP 2002-217446 Al 8/2002
HOIS 5/12 (2006.01) JP 2002-243946 Al 8/2002
HOLS 5/22 (2006.01) P 2002-314192 Al 10/2002
HOIS 5/343 (2006.01) TP 2002324936 Al 11/2002
(52) U.S. CL JP 2003-174224 Al 6/2003
CPC .......... HO01S8 5/3211 (2013.01); HOLS 5/02288 JP 2004-273993 Al 9/2004
(2013.01); HO1S 5/12 (2013.01); HOIS 5/2201 JP 2007-201072 Al 8/2007
(2013.01); HOIS 5/3202 (2013.01); HOo1S ~ JP 2008-53501 Al 3/2008
5/34306 (2013.01); HO1S 5/026 (2013.01) P 2008-71906 = 3/2008
USPC oo, 438/478 P 2008-71906 Al 3/2008
JP 2009-054721 A 3/2009
(56) References Cited P 2010-010284 © 12010
JP 2010-10284 A1 1/2010
U.S. PATENT DOCUMENTS
OTHER PUBLICATIONS
2005/0201707 Al*  9/2005 Glebov etal. ................. 385/132
2009/0225804 Al™*  9/2009 Sasahataetal. ... 372/45.01 Office Action 1ssued for counterpart Japanese Patent Application No.
2009/0245726 A * 10/2009 Yonekuraetal. ............. 385/14 2010-074204 1ssued on Aug. 5, 2014, with translation of relevant
2009/0267195 Al* 10/2009 Kato ...ocooeveevevereennn.. 257/623 S s ’
2010/0061679 A1* 3/2010 Hayashietal. ............... 385/14 part: p. I line 18 to p. 2 line 13 and p. 2 line 17 to p. 3 line 1.
2010/0067801 Al* 3/2010 Chokietal. ... 385/131 International Search Report for International Application No. PCT/
20;0/0086255 Al : 4/20;0 Ishizaka .......................... 385/31 JP2011/050326 dated Apr. 12, 2011.
201200039563 AL* 22012 Shibata etal - 33514  Chinese Office Action with English translation for Chinese Applica-
2012/0183009 Al* 7/2012 Adachietal. ....c.cccoo..... 372/99  tion No.201180017099.0 dated Dec. 2, 2014.
2013/0170803 Al* 7/2013 Morietal. ...ccooun..... 385/124
2014/0105556 Al* 4/2014 Heidemanetal. ............ 385/131 * cited by examiner




U.S. Patent Mar. 24, 2015 Sheet 1 of 25 US 8,987,117 B2

FIG. 1

1
[001]
l»—r [110]

22
21
[-110]

..
o)
N
S
N
N
O
N
—
S
e
N
\
L0
{0 r~—
N T—
+v—
-
-




U.S. Patent Mar. 24, 2015 Sheet 2 of 25 US 8,987,117 B2

FIG. 2A AR1

ARZ

= T
L——v [110]

[=110]

FIG. 2B AR1 AR?

001
e S
-' i>—+ 110)
i [-110]

12a 11a
FIG. 2C
40

AR2

& 12b(12b1) &




U.S. Patent Mar. 24, 2015 Sheet 3 of 25 US 8,987,117 B2

FIG. 3

22

21

[001]

i—- [110]

[-110]

ap
e
N
N pe—
mm
<
: ‘
L0
N
e
)
= | =<
N F,
e
2
© 1 0
o B M
—
o
0 ———
<{
N — -
et )



U.S. Patent Mar. 24, 2015 Sheet 4 of 25 US 8,987,117 B2

FIG. 4

22
21
[001]

)
£
N\
—

15?2

12b1 12b2

AR
2 12a
‘\‘y
DN,

11b

12
30

P
P



US 8,987,117 B2

Sheet 5 of 25

Mar. 24, 2015

U.S. Patent

LD
O
LL

100 ]

N4

¢é

cdél

N 06

cdVv

¢4él 149¢!

il

€¢1

|

Rl

0

L1

¢l



U.S. Patent Mar. 24, 2015 Sheet 6 of 25 US 8,987,117 B2

1a
/ FIG. 6
21
[001]

10 20
2 1223 12b1 19u9 2
\)
_ 22
; -
11b 12b3

30

[-110]

12



US 8,987,117 B2

Sheet 7 of 25

Mar. 24, 2015

U.S. Patent

[011]

[011-]

SRERERERERENER - ]




[OL1]

US 8,987,117 B2

& & & B B & ® & § 2 4 ¢ & FEFEF B 0 &0 k& b= e bR F R R E Al A R EF s gy d AR
N F B 5§ & B B A N & E N & § K 5 F F N N W OE N B & L E AN @§ @ §F §pg §F 8 E & Ghos b & d E R S EF A S N ES SR RN

L & & & B & oF d &# uw b o B & & B & d &+ 0 0 % & & 084 & F4 08 04280 rrrd 0w v k&0 k&R
4 & 0 & 0 & B N§ & ¢+ 82 4 0 & d & d kB d* s N FE T FFAARLE R &I AR AL DL RA oo

Sheet 8 of 25

I EN R NALE] ..F--_.-.-.-.i.til-.-..-_l-_li.i-.-.-.ll-tl..

AUFddA N R ARl B A NN JA N LA a b PR brd B

Mar. 24, 2015

8 Ol

¢ldv LV

U.S. Patent



US 8,987,117 B2

[011]

¢01

eL0}

Sheet 9 of 25

iiiiiiiiiiiiiiiiiiiiiiiiiiiiii AN Ak Fak A RA R d A thdd dd rmd b nhd b sk Ad bbbk IR A AN N ERA N RS AAN NN PSR NN SR NENANE R
AR A A A N AL TN LA b E L PN AN A AN AL N AN BN RSN NA P AN R St hd bbb Ndddd imsvarssuan sl USSR N AN EE N
skl hAnbdg iR a bl Rl LY IR E I E LRI T ARSI

-------------------------- * SRR d bkl R a ke AN SR IR DA AN AR B -.--..-_-'i!i- ik hl AL b h Ak bR s Al A SN AR
IEAEESSEN EFAFEY FERARE AN SN ENRY AR PSRN A h R d DR v Al A rrgyd I b A pd ha g A NN AR N b E a2
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll f—lltli
._.l..-_lr-.v-.._-.._.-_-i-l..._.-.._._-.-_-:-_.-i.... ok N BRI R Ak AR A b b hA Al bbbl A AN R AN AR N LA I ERANE L LALR P ANS R NA NN NN

EFE IFS IS EESE ISR ENSANE SEERLAN QASRAR N AL AR N ERAR AN-AGE B Ll AN N ARRR LA N Ebk+d B ARRFE R ELE
Hf B T B S v Rt R b N ok ol e o o e B ke O N N A AN AR LA RN PR A b d R bbea kb i hd el
AR N AR AR N A N R R B AR R PR A A AN AN I F AN I NN I P AN NI I AREEE NN ENLAJ NN I NFENANENY NI

b

¢ldv _ L LAV

Mar. 24, 2015
ﬂ
-
—
e
O
l
e
L0
-
=~

U.S. Patent



[0} 1-]
[011] eG01

US 8,987,117 B2

[100] 1O

&
m A T
M_..w CO1 _ BRELERERZRERERR eCol
79
401!
qG01

mm V(LLL) GO1L
- 1Sk
R V(L) — 001
o~
> q90L~  ¢IS

. [0}

Ol Ol N
A R=\"/

U.S. Patent



[011-]

[0L1] eGO |

US 8,987,117 B2

[100] 101

£ _
m...w cOl RRE _E_ﬂ_m—ﬂ_ﬂ—m__ een|
e
z 0oL
4co|
~
M., qo01
b o1y —" 001
o~
: [OL
L1 Ol
N CV(LLE) N
AR\ “90L gy

U.S. Patent



US 8,987,117 B2

[01]]

Sheet 12 of 25

Mar. 24, 2015

¢l Old

U.S. Patent

[011-]
€G01

[ 100] 1O}

¢cOl
48]

601




US 8,987,117 B2

[0}1]

¢Ol

101
[100]

\r,

-

A 0l T OO T —eeq
. ]!

= 301 GOl
\f,

=

S oLl
=

=

el ‘DI .
[ (

¢lav L1HV

U.S. Patent



a
n
ar
. 2
’
B
2

E ‘

[~110]

FIG. 14

115
[001]
[110]

114

'l'
Fi'.‘..
-1"*..
1-'.-. -
-.-..
) i
I."." ..
-..-."‘
--‘-:.‘
.*l...
[ ..‘.'
-.‘. -.‘
--.'
r-'.l.*
l--lu-"....I
l.‘.-
[ 4y ‘...
-... :
t'..--
'....
i..-
[ 34 .-.
l.'.
l'.. ..‘
F-.' :
b --.-
1'* i
l"‘. -‘
h-'.‘
‘I'-...‘.
i".-.-
= "..
3 3
'.'--.
"-.'.-
|1'....
r'.-
| ] ..-'
-4"hr'
i'.'-.‘r
|*".'.
I'..‘ .
i‘--
o
u ‘- |
L ]
‘*.. I
L ) .‘
.-- :
i'.--
-'.-..
g '.'.
: ¥
L}
-.- -‘
I--. ;
- ..--,
-2 -.-‘
.'. .-'
-"l. :
---..
ey .k..
rad :
H1
i -.--
- : i
£ "
ul 3
. -..‘- - .
e :
'.... . L] " .
".'. '
wk 33 .-
..-' :
.'-..* n - u
l-‘-...
*l‘-..*‘ [ ] - -
il‘.--h*. [ ] L]
*l*--._i- -
.F-'
." .l‘ | ] [ ] [ 3
i : -
'rl"r ' .‘ ‘
li""*
-‘--.h' 13 L] - [ ]
*t.‘..-h k]
.'1-‘.'_] ® [ -
=='.--' [ ]
ll'+‘ "
--..-"'
-'...'- [ J ] L] L ]
l..‘. *
Il'- ' "
r:: -‘ "
. " =
. " . ‘
. ‘-
[ ] - \ .
- " . .
[ ] . . :
L] . . .
| | ‘ .
v " ..
L] . .
. . .
. " 2
| J * . .
- . .
- " . :
[ ] .. :
. .
.- ..
v " ‘.
L] * ‘.
. . :
" .
| | . N
. V
. .
- ..
v .
] * .
P -
n ..
- - i '
a ‘.
L] ‘ .
i '
- L]
*

114

=

111
110
106
105
104
103
102
101



U.S. Patent Mar. 24, 2015 Sheet 15 of 25 US 8,987,117 B2

FIG. 15

r—
-
"--
'1--

-

[001]

104
103

-
N '®)) g
— O —

.Illll-

Pl T W N TN FEwye Wﬂﬂm F ST F e

r_ .
[ ] n
mgkl ey
[ =g ey )
AL
[ ] -.-
o
poalv,
afa¥n
Talwls
'I.l"ll
alwrn?
PR
P
] ]
.I.
- l.
N
T
..I:‘I:‘
=
* st
l:l-l -
- u
woelk]
=
nTm o
--f i.
-
™
e
‘i*i.'
-i‘_l-'
et 1
eyt
- m_ .
Falule
P R
P
eyl
-.-:--
-E_ .
zeiai
.'i.i‘
-_u_ .
:-:-:#
P
b
*l‘l‘h
L
¥
E*-I-'-I:
L
aRsELm
-, .
Tetute
avimga
Pl
|
sialat
wri et
-
.‘I'.-‘
I'-l
+
=T
.--.-‘
4
Irlel
.".--
- '.'I
*
g
F |
-_ .
amamaT
oL
A
akpky?
- aTn
"m"mTa
T [
--.h‘l
L
| |
m_ w_h
TEpERE
B
g
L)
:r:l:-
H L
‘I.--f
‘I".I
I.I--"
I.I-'r
HH
kg -t
»_W_F
.':-.I:
*
-l- "Il
r .-‘I.
-I-l
HEH u
l:l:l':l
I.I-'.I
N
..I'.‘
n -_u
:r:-:i
e
gyt
atlgtat
I.-'I
- |
Fawse ™
=
[ = = ]
-*I_I'
oAy
¥
ke,
T ]
w b
sirpalal
M-
e FE¥at
--I"I-
n -_ .
:l:f:l
el
iy
Iielw
‘I..‘--
alpTpE
i
CH
- e Ty
..I-I-
L
dlaTatn
ik
¥

AT L WEEFEE.VEFVEFSEFFFFEEELNFIEPNFFEFFL Fra

119

118

- O LO
— - ‘-

111

N
-
e

103a
101

120



U.S. Patent Mar. 24, 2015 Sheet 16 of 25 US 8,987,117 B2

FIG. 16

204
203
[001]

[-110]

AR22
2

AR21
2

= <L<mom< @ O T
S 5 DB D IO N <
oNolole R, -
N N NN N

205l



[011]

US 8,987,117 B2

Sheet 17 of 25

Mar. 24, 2015

“ _ A
IR RLELET RA N L RELIXY] [1RLIY] [EEEYIFITTLIY)
Il I NP AI A AN Y AN IS I RN R AP A AN LA N RN L NI R LRE AR AN AN AN Rl NI E N AR A N AL d BRI AR AP AL Nl

¢edV | cHV

U.S. Patent



[0 1-]
[011]

US 8,987,117 B2

[100] 102
~£ ¢0¢
S W
K 2,

. €0¢ ¢0¢
z -
= b0z

G0Z
\f,
m V(LLL)
S N 902
2 qooz
= | 102

31 DI
[ 290z (
224V | 24V

U.S. Patent



[0L1-]

US 8,987,117 B2

[011] eG0¢
[100] 1O¢
& _
2
g +— ©202
: ez — S UL U UL L LR
70¢ |I
4G0¢
m <:E\ GO¢
“.,_ 12S
?u V(L) —
R 902
> q90¢ ¢eS
: [OC
6l Ol N
TR =\

U.S. Patent



[011]

US 8,987,117 B2

Sheet 20 of 25

Mar. 24, 2015

0¢ Ol

U.S. Patent

(0L1-]

[100]

€G0¢



[011-]
[O11] qc0¢ FS0¢

US 8,987,117 B2

[100] 10¢

Sheet 21 of 25
o
-
N
E
o
N
-
N

Mar. 24, 2015

LO¢

..."I.II....I.I'II..I....III‘.II.I..I.I..I..l.l.l.'.Ii...i."'.'lII.'.III..'..I-‘.“...-I.
LA AR LI ARSIl I AL LA ERLLIEY LSRR NEJTRIT N RELITNTEITTIERERIEE YT TARTRTIFITTIRENT]
Ak bhbbdgdldal dbdnnya gt EadddE FdaaEARGSd G rdnd I ¢ bad BddnsbbL i EEEE NN SN ARE
BEL ENAAR b iin bl d b rmbh bbbl d R A PO NS NN PR N P AN RS b E
BhrE LAl ARSI N AR AN NS AN AN R A A E el AR b a I DR prnd ym B bbb
AUS LR ESRR IR AN N AR AR AN AT P AR AN AR P AN AR AR B LY
AFEEFIIEEE I NS A SR EA NS AN EEA N DA RS A AN AR Al AN A Rk AN Al DR
B AN AR EF N PP A Al E el B rddl By Bid-hiwd s 4 AR i s A dambaarn A htmd b bdnE gkl e sant s dn Al NI NS R AN RN AL E PN B &
ik bt L L e e e L L AL L A L L L L L L L T T e T I I L e e e e I I T L LT LTI L L
Ik E LA PR PR AR AN P ARA AT ISd4 ¢RI rhidsnapuuend an A nah s A RE S SRR AR A A A D AR A Ak bd Al LN N AR A FEE RN -
Ahkird i N AN I AU R EARF A FEEE N E ENSLLFERLR AR AR AR AR PN R A R AR Ay AN AR R R AR P rd P A Ak b padr s bR EE R
NS Fde S hrhied d bl D rmw e b ddw -_ll.l.ll.ll_.rl_l-l_llll.ll_l_l_lll_l_lil.llll.ll_.-_lllI.l.l_lllI.l.I.llll.I.lll_h.l.I.-.-'.-lI.l.l.-.l-.-.l-..-.-.-..r.ll.-.-_tili.ri [ETRY
AR kA A b I R hdd b A bl a A A W A A S AR Al A ar b b hd bl b e A A A B D b g SN PR N AN RN AN PESEF AN N

1¢ Ol

U.S. Patent



U.S. Patent

FIG. 22

Mar. 24, 2015

217
2

| |
- n
P
L HH
wbaF?
i A
T afu”
--..I.
wiale
ety
| r
- H-
==
wia T al
T
S
| -3 | L
asiugs
m_ k-
o
'E*I‘i
wbyPlst
e lin]
L HH
ata N
’
[4
alw wy
teinl
-:;:;:
[t ]
it
| |
Lranle
- &

- n
:i‘l:f
T
sttt
atyras
-.'.--
‘-.I*i
i Pt
+‘I."
-‘I..-t

- n -
TR
‘.'.F‘l
1gxhiels
Pyt
l--.-:l

-—I'I'
[ ]

= Y]
PTrtaTi
..'I.I

[ ]

L L]
H M
AR L
T lalae
l-“q-l'I

- r_"
T

n L
a"atat
.‘Itl:

LT
:i:l:i
--I-I.

l.l'l
why B
SECELE
whalbgt
-.l.ll

- n L]
=M
."_"'I
vIpks]l
-...I.

--I'-
g

i'I"
-y .
mlulal
F_E_W

L =L =t |
'I:‘I.
*1.-':
‘i:---

¥
xass

L L
wil gigky
..I--.I
L

“atmta
:‘I"‘I
CHHLH

.I.'l-:.

-

220

N

Sheet 22 of 25

Q0
-,
N

204
203

1001 ]

US 8,987,117 B2

—
-
-'...-
“--‘

b B

[-110]

]
'.-
L ]

R _L_ N
e
-

| ]
rguglgd
HLL 1L
I:-I:l:'.
v u i ¥
PRy
- -]

L g -
l-‘-:-:

u
:i:i:l:
FRETERE
l:i:l:b
asamong
Tl
L
-

h_N
[y 8 u

T
s

wh ol I.
:‘:‘l'-

I.I I'
-. I-I-
-*I.l'

winlng
sralagTe
.:i:l:l
alula®p
sPelngTy

L
e

[ Y
* ]

r_EBF_&a
-l:i.i:

L] | N |

P
:;:1=t:
.:I:I:-
--:.I.t
i

u
-':'- -
kTeTnTs
LT IR
--I-I.-
-.I.I.-

n
P
u

»_d -
iiis

| | h'

L]

HIHEH
:r:-:i:

r -

-I [ 7
oy m .
n_n -
...'.i.
At
gty
I:.:I:-
uTan e
[ »
ataTahy
I---lh-
aluTaT e
=
L
."..F-
a s p'm
...-I--
=L
r I::
:l:l‘
.-'-l.-
a%aTala
et by
wIwin]
alr ’
n_n n
- -I:i
ST
-il‘l"
-
=)
I- l'..'
-
I---I.-
.- _m u
piptaly
pheEa by
1laTels
I“-‘l-.
I:-:-:.
FYBIFLE
aiprara
-'---..
‘1.ilil
a¥elrlr
a¥aTel,
-.-‘-.'
-
i‘['h.r
.'il"ﬁ
.:.:I:I
R
a wTa e
a=slg"r
prlalel
.-.-l.l
i-—-I.!
I'i:l==
u “n
atasieg
.II‘I.I
Tatpmy
Pratug
Ferymipl

aln

m_k_u
PTRTTy
**t.l_
| |
L ]
pgETE .
n_m_u -
- i.i'

'. ..
:'- =]
.--.l.-
rrelnrls
I*'-..l
rising"
P
I...-..
I-F.-.'
I:.:.:I

r n

Y

n u -

- .-=l
Felfyilnz
.. ll
HEEHT
I*i*l‘.
ETRTaLE
ErdTe" R
nla*n"a
I:':.:'
siiinas
':--i.+
]

. u
ST
If-=.=I
O

"
n - L

-

g n
HEH
I:l:l:l
RHET
I----.I
I.'-'.
n ...

| |

.‘llll >

219

211

220

-

l‘.III-

N

-
N



[011-]

US 8,987,117 B2

[011] 4G0¢ ¥®40¢
[100] 10¢
\f,
¢ N
3 €02 R Rl
[
7 v0Z _ |/
€490¢ ‘
‘" GO¢
= V(LLL)
“.,. 01 1)
2 29902 902
o~
>
. LO¢
AR )

U.S. Patent



U.S. Patent Mar. 24, 2015 Sheet 24 of 25 US 8,987,117 B2

(110]

FIG. 24

[001]

/ 200a

220

209

208

204

203
[-110]

219

206

209

[ 211

217

r
i

n [ By ]

e

Bgdg®,

hprymy

MM

S

Y aTaTy

Bagay

L1 =t
a®piph
" "a"m"
L L
*Te¥atg

P.!'-*
-:::-:;
Rhpmomy
= -
h
e
-.'I'--I
T
wFagTety
At
HLHL A1)
-.I-...
-.'.--'
.:I:E‘.
g :'l

[
et
el alnty
TR
a8t

]

E__m_N
e
.iiiql_
'
Il+tata
MR

"_E_ =
abZeleg

"_m_ =
HHHH

aFata
I.‘-l.
n -

-
A
]
I:ﬂ-:..:l
e
1
i tatata
rheTetp
I."...
I.i-l-l
e,
M
LIt -
I:.:i:l
h_+#_=_n
l:i-.'-
i

Fgrgll
R
I." - u

F :.I".:
phatgly
pimipty
I_-‘-'I
ATeTETn
Ii.-*--.
HHH]
I:H:':l
PTeTaTs
Wrafpiy

*-_I"I'

----.-

".-'-

.“....'

wiwyrnl

gy

| J n

-'- -
¥
et
arpalel

-_ -
I.- .- _w

[ -4

-

H E
ataTamg
e
I'l.l.t
I'-.‘.I‘

-__ k=

praig

- & _

I.I‘-

[

¥
- u -
] -'-
[ ] [ ]

i*i.-‘

aly oy

aawgag

-

O

-
.i-l -
-
acay
r_n n -
“rTeTKr
n
-
F'-‘
[ ]

-'.. -
r_r .-.
l!.l."

LT Bt |
- H
L

H
. n n
I-':I:l'
n
wn
r_ o &
'1 l.-
] n
I:':'.:.
:I'I‘r'
==
I:-:I:.
iTatgal
A

ok A
o
+=!=i-:

Fow
o HL
u_w n_r
wa kg
G
SElE T
S e

e BBy

-__u ]
PTETe T
i Tala
=
.i'u‘r.
I.-.‘I..-
P T
l.=i-'h:i
L

-

L]

.i.-:i
* L |

e

HHH

Ay kel

--.-..

:I.t.i

- I*:-

[ 1
=TaTat
rw_=

‘I:i‘:.

| |

:'-'r

--.-..

ik

P
l'-'-..-.

gk E
ETETaTh
erEliItE
-:I:'I:.
-
-
Ta¥aly

u

. _ T
mym_ &
ST

i H

™

l‘.l...'-:

s,
¥

L] )
l‘l"

:=='i'l

FowaT
H L

o N F
snrsias
'- - -'

=L
exnuts
rratery

Pttt

u_E_=u

.o N _N N
b":i:l

L =y

tRRiELL

I-I-.-.

-
FLERELE

""

.

M
e
= -
nladety
4 i"‘l
I:_'I:-‘l'
-
M
N RTN,

..‘iill

.---"I

[

-
aFIFl
.'-".

| -v N
'j=-'l
n r_r

b, »_d
e

AT aNa
amaEgE

HHH

I.l*_l-.

-
P

n [

mowlrg

"eta ¥,

'l- 'i
HER

e

l.h'r-

n L e ]

L I =N |

Fh )

I:."-

- a”

rped

- N -
- -
N N

220

2
209
208
202a



U.S. Patent Mar. 24, 2015 Sheet 25 of 25 US 8,987,117 B2

FIG. 25

302

f 300

<
-
P \
O
-
ap

301

200
303



US 8,987,117 B2

1

SEMICONDUCTOR OPTICAL INTEGRATED
DEVICE AND METHOD FOR FABRICATING
THE SAME

CROSS-REFERENCE TO RELAT
APPLICATION

s
w

This application 1s a Divisional application of prior appli-
cation Ser. No. 13/611,099 filed on Sep. 12, 2012, which 1s a
continuation application of International Application PCT/
JP2011/050326 filed on Jan. 12, 2011 and designated the
U.S., which 1s based upon and claims the benefit of priority of
the prior Japanese Patent Application No. 2010-074204, filed
on Mar. 29, 2010, the entire contents of which are incorpo-
rated herein by reference.

FIELD

The embodiments discussed herein are related to a semi-
conductor optical integrated device and a method for fabri-
cating such a semiconductor optical integrated device.

BACKGROUND

A semiconductor optical integrated device in which a plu-
rality of semiconductor optical devices are itegrated onto a
single substrate 1s effective in optical fiber communication
from the viewpoint ol miniaturization of an optical module.

A butt jomnt (BJ) growth method has traditionally been
known as one of techniques for integrating a plurality of
semiconductor optical devices onto a single substrate 1n this
way. With the BJ growth method one semiconductor optical
device structure 1s made to grow on a substrate. After that, a
portion of the semiconductor optical device structure i1s
removed and another semiconductor optical device structure
1s made to selectively regrow 1n the portion.

Japanese Laid-open Patent Publication No.

Japanese Laid-open Patent Publication No.

Japanese Laid-open Patent Publication No.

Japanese Laid-open Patent Publication No.

Japanese Laid-open Patent Publication No.

Japanese Laid-open Patent Publication No.

Japanese Laid-open Patent Publication No.

Japanese Laid-open Patent Publication No. 2002-243946

Japanese Laid-open Patent Publication No. 2003-174224

The advantage of the above Bl growth method 1s that
semiconductor optical devices can be designed indepen-
dently of one another. With a semiconductor optical inte-
grated device fabricated by the use of the BJ growth method,
however, a crystal defect or abnormal growth which appears
in a junction (BJ portion) between semiconductor optical
devices may cause, for example, deterioration 1n the reliabil-
ity or 1nitial characteristics of the semiconductor optical 1nte-
grated device.

2002-314192
2008-053501
2002-217446
2001-189523
2007-201072
2004-2773993
2002-324936

SUMMARY

According to an aspect, there 1s provided a semiconductor
optical integrated device including a first semiconductor opti-
cal device formed over a (001) plane of a substrate and a
second semiconductor optical device which 1s formed over
the (001 ) plane of the substrate in a (110) orientation from the
first semiconductor optical device and which is optically con-
nected to the first semiconductor optical device, the first semi-
conductor optical device including a first core layer and a first
clad layer which 1s formed over the first core layer and which
has a first crystal surface on a side thereof on the second
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2

semiconductor optical device side that forms an angle greater
than or equal to 55 degrees and less than or equal to 90 degrees

with the (001) plane.

The object and advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out 1n the claims.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s an example of the structure of a semiconductor
optical integrated device;

FIGS. 2A, 2B, and 2C are an example of a method for
tabricating the semiconductor optical integrated device, FIG.
2A bemg a fragmentary schematic sectional view of an
example of a semiconductor growth step, FIG. 2B being a
fragmentary schematic sectional view of an example of a side
ctching step, and FIG. 2C being a fragmentary schematic
sectional view of an example of a heat treatment step;

FIG. 3 1s a fragmentary schematic sectional view of a
semiconductor regrowth step (part 1);

FIG. 4 1s a fragmentary schematic sectional view of a
semiconductor regrowth step (part 2);

FIG. 5 1s a fragmentary schematic sectional view of a
semiconductor regrowth step (part 3);

FIG. 6 1s another example of the structure of a semicon-
ductor optical integrated device;

FIG. 7 1s a fragmentary schematic sectional view of a first
semiconductor growth step 1n a first embodiment;

FIG. 8 1s a fragmentary schematic sectional view of a first
ctching step 1n the first embodiment;

FIG. 9 1s a fragmentary schematic sectional view of a
second etching step 1n the first embodiment;

FIG. 10 1s a fragmentary schematic sectional view of a third
ctching step 1n the first embodiment;

FIG. 11 1s a fragmentary schematic sectional view of a heat
treatment step 1n the first embodiment;

FIG. 12 1s a fragmentary schematic sectional view of a
second semiconductor growth step 1n the first embodiment;

FIG. 13 1s a fragmentary schematic sectional view of a third
semiconductor growth step in the first embodiment;

FIG. 14 1s a fragmentary schematic sectional view of a
buried layer formation step 1n the first embodiment;

FIG. 15 1s a fragmentary schematic sectional view of a
semiconductor optical integrated device according to the first
embodiment;

FIG. 16 1s a fragmentary schematic sectional view of a first
semiconductor growth step 1n a second embodiment;

FIG. 17 1s a fragmentary schematic sectional view of a first
ctching step 1n the second embodiment;

FIG. 18 1s a fragmentary schematic sectional view of a
second etching step in the second embodiment;

FIG. 19 1s a fragmentary schematic sectional view of a third
ctching step 1n the second embodiment;

FIG. 20 1s a fragmentary schematic sectional view of a heat
treatment step 1n the second embodiment;

FIG. 21 1s a fragmentary schematic sectional view of a
second semiconductor growth step in the second embodi-
ment,

FIG. 22 1s a fragmentary schematic sectional view of a
semiconductor optical integrated device according to the sec-
ond embodiment;

FIG. 23 1s a fragmentary schematic sectional view of
another example of a heat treatment step in the second
embodiment;
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FIG. 24 1s an example of the structure of a modification of
a semiconductor optical integrated device; and

FIG. 25 1s an example of the structure of an optical semi-
conductor module.

DESCRIPTION OF EMBODIMENTS

FIG. 1 1s an example of the structure of a semiconductor
optical integrated device. FIG. 1 1s a fragmentary schematic
sectional view of an example of a semiconductor optical
integrated device.

A semiconductor optical integrated device 1 illustrated 1n
FIG. 1 includes a first semiconductor optical device 10 and a
second semiconductor optical device 20 formed over a sub-
strate 30 having a (001) plane.

The first semiconductor optical device 10 includes a first
core layer 11 including an optical waveguide which 1s formed
over the (001) plane of the substrate 30 and a first clad layer
12 formed over the first core layer 11. The second semicon-
ductor optical device 20 includes a second core layer 21
including an optical waveguide which 1s formed over the
(001) plane of the substrate 30 and a second clad layer 22
tormed over the second core layer 21.

The first semiconductor optical device 10 and the second
semiconductor optical device 20 are formed by the use of
semiconducting materials and are arranged 1n a (110) orien-
tation over the substrate 30. The first semiconductor optical
device 10 and the second semiconductor optical device 20 can
be formed by the use of the BJ growth method. That 1s to say,
alter the first core layer 11 and the first clad layer 12 of the first
semiconductor optical device 10 are made to grow over the
substrate 30, the second core layer 21 and the second clad
layer 22 of the second semiconductor optical device 20 are
made to regrow.

With the above semiconductor optical integrated device 1
the first core layer 11 of the first semiconductor optical device
10 1s formed so that an end 115 of the first core layer 11
opposite to the second semiconductor optical device 20 will
be slant. The first core layer 11 has on the second semicon-
ductor optical device 20 side the end 115 having an A plane
orientation. The end 115 1s, for example, a (111) A plane.

In the example of FIG. 1, the first clad layer 12 1s formed
over the first core layer 11 so that an end portion 12a of the
first clad layer 12 will cover a part of the end 115 of the first
core layer 11. For convemience of explanation a surface of the
end portion 12aq of the first clad layer 12 will be divided into
three parts, that 1s to say, an upper end 1251, a middle end
1252, and a lower end 1253.

The upper end 1251 of the first clad layer 12 has an A plane
orientation and 1s, for example, a (111) A plane. The middle
end 12562 connected with the upper end 1261 1s a (110) plane
which forms an angle of 90° with the (001) plane. The lower
end 1253 connected with the middle end 12562 1s a crystal
surface. An angle 0 which the crystal surface forms with the
(001) plane 1s greater than or equal to 55 degrees and less than
or equal to 90 degrees (55°=0<90°). If 0=90°, then the lower
end 1253 1s indicated by a solid line 1n FIG. 1. In this case, the
lower end 12563 1s a (110) plane. This 1s the same with the
middle end 12562, If 0=55°, then the lowerend 1263 1sa(111)
B plane. If 55°<0<90°, then the lower end 12543 1s a crystal
surface having a B plane orientation.

The second semiconductor optical device 20 1s formed in
the (110) orientation from the first semiconductor optical
device 10 having the above structure. In the example of FIG.
1, the second core layer 21 of the second semiconductor
optical device 20 1s formed so that 1t will cover sides of the
first core layer 11 and the first clad layer 12 of the first
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semiconductor optical device 10. A part of the second core
layer 21 1s between the first clad layer 12 and the second clad
layer 22.

An n-type indium phosphide (InP) substrate or the like can
be used as the substrate 30 included 1n the above semicon-
ductor optical integrated device 1. Aluminum gallium indium
arsenide (AlGalnAs) or the like can be used for forming the
first core layer 11 of the first semiconductor optical device 10.
p-type InP can be used for forming the first clad layer 12 of the
first semiconductor optical device 10. AlGalnAs or gallium
indium arsenide phosphide (GalnAsP) can be used for form-
ing the second core layer 21 of the second semiconductor
optical device 20. p-type InP can be used for forming the
second clad layer 22 of the second semiconductor optical
device 20.

The semiconductor optical integrated device 1 illustrated
in FIG. 1 can be fabricated by, for example, the following
method.

FIGS. 2A, 2B, and 2C are an example of a method for
fabricating the semiconductor optical integrated device. FIG.
2A 15 a fragmentary schematic sectional view of an example
of a semiconductor growth step. FIG. 2B i1s a fragmentary
schematic sectional view of an example of a side etching step.
FIG. 2C 1s a fragmentary schematic sectional view of an
example of a heat treatment step.

Asillustrated in FIG. 2 A, first the first core layer 11 and the
first clad layer 12 of the first semiconductor optical device 10
are made to grow both 1n a first semiconductor optical device
region AR1 over the substrate 30 and 1n a second semicon-
ductor optical device region AR2 over the substrate 30. The
first core layer 11 and the first clad layer 12 can be made to
grow by, for example, a metal organic vapor phase epitaxy
(MOVPE) method.

As 1llustrated in FIG. 2A, a dielectric mask 40 which cov-
ers the first semiconductor optical device region AR1 1s then
formed. A region 1n the (110) orientation from the first semi-
conductor optical device region AR1 1s exposed as the second
semiconductor optical device region AR2 from the dielectric
mask 40.

As 1illustrated 1n FIG. 2B, etching 1s then performed with
the dielectric mask 40 as a mask to remove the first core layer
11 and the first clad layer 12 which are made to grow 1n the
second semiconductor optical device region AR2.

For example, wet etching 1s performed. Alternatively, after
dry etchuing 1s performed, wet etching 1s performed. By doing
s0, the first core layer 11 and the first clad layer 12 can be
removed. Side etching of the first core layer 11 and the first
clad layer 12 progresses by wet etching. When wet etching 1s
performed, the first clad layer 12, for example, 1s selectively
ctched (side-etched) first and then the first core layer 11 1s
selectively etched (side-etched). An amount S1 by which the
first core layer 11 1s side-etched can be controlled by the
quality of a material for the first core layer 11 or an etching
condition such as the type of an etchant or etching time. An
amount S2 by which the first clad layer 12 1s side-etched can
be controlled by the quality of a matenal for the first clad layer
12 or an etching condition such as the type of an etchant or
ctching time.

By performing the above side etching, as illustrated in FIG.
2B, ends 126 and 115 each having an A plane ornientation
appear 1n an end portion 12a of the first clad layer 12 and an
end portion 11a of the first core layer 11 respectively. For
example, a (111) A plane appears on the end 1256 of the first
cladlayer12 and (111) A plane also appears onthe end 115 of
the first core layer 11.

Heat treatment 1s performed after the side etching. Heat
treatment can be performed by heating, for example, 1n a
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temperature rise step and a temperature maintenance step
before the beginning of the growth of the second core layer 21
in the second semiconductor optical device region AR2.
Alternatively, heat treatment 1s performed before the growth
of the second core layer 21 and the growth of the second core
layer 21 (temperature rise step through the growth of the
second core layer 21) may be performed after the heat treat-
ment.

IT I1I-V compound semiconductors are made to grow as the
first corelayer 11 and the first clad layer 12, then 1t 1s desirable
to perform heat treatment 1n an atmosphere which contains a
group V element. The reason for this 1s as follows. The vapor
pressure of a group V element 1s high compared with a group
III element. Accordingly, the disappearance of a group V
clement from a II1I-V compound semiconductor 1s controlled.
For example, 1f AlGalnAs and InP are used for forming the
first core layer 11 and the first clad layer 12 respectively, then
heat treatment 1s performed 1n an atmosphere of phosphine
(PH;).

As 1llustrated 1n FIG. 2C, the heat treatment after the side
ctching causes mass transport in the end portion 12a of the
first clad layer 12.

The end 126 1n the end portion 124 of the first clad layer 12
1s slant as a result of the side etching before the heat treatment
so that an A plane will appear. Furthermore, the first core layer
11 1s also side-etched, so there 15 a space under the end portion
12a. That 1s to say, the end portion 12a of the first clad layer
12 1s protruding like a penthouse from the first core layer. 11
before the heat treatment.

When heating 1s performed, the end portion 12a having the
above shape tends to go into a thermally unstable state.
Accordingly, 1n order to create a more stable state, mass
transport to the end 115 side of the first core layer 11 occurs
in the end portion 12a. Asillustrated 1n FIG. 2C, an edge at the
tip of the end portion 12a disappears as a result of the occur-
rence of the mass transport. In addition to the end 126 (upper
end 1251), the middle end 12562 which is a (110) plane and the
lower end 1263 which forms an angle 0 with the (001) plane
are formed.

The amount of the mass transport can be controlled by
conditions, such as temperature and time, under which the
heat treatment 1s performed. As the conditions under which
the heat treatment 1s performed are changed so as to increase
the amount of the mass transport, the shape of the end portion
12a gradually changes as indicated by an arrow 1n FIG. 2C. A
(110) plane appears on the middle end 1262 and an angle O
which the lower end 1263 forms with the (001) plane
increases. When an angle 0 which the lower end 12563 forms
with the (001) plane becomes 90 degrees, the lower end 12563
becomes a (110) plane like the middle end 12562 and further
progress of the mass transport 1s controlled.

The amount of the above mass transport which occurs in
the heat treatment after the side etching 1s controlled so as to
control an angle 0 which the lower end 1263 forms with the
(001) plane 1n the range of 55°<0<90°. By controlling an
angle 0 which the lower end 1263 forms with the (001 ) plane
in this way, the occurrence of a trouble, such as a crystal
defect, 1n a junction (BJ portion) between the first semicon-
ductor optical device 10 and the second semiconductor opti-
cal device 20 can effectively be controlled at the time of the
tollowing formation (regrowth) of the second semiconductor
optical device 20.

The formation (regrowth) of the second semiconductor
optical device 20 will now be described with reference to
FIGS. 3 through 5. FIG. 3 1s a fragmentary schematic sec-
tional view of a semiconductor regrowth step in which 0 1s set
to 90 degrees. FIG. 4 1s a fragmentary schematic sectional

10

15

20

25

30

35

40

45

50

55

60

65

6

view ol a semiconductor regrowth step 1n which 0 1s set to 70
degrees. FIG. 3 1s a fragmentary schematic sectional view of
a semiconductor regrowth step 1n which 0 1s set to 40 degrees.

A state 1llustrated in each of FIGS. 3 through 5 1s obtained
after the above heat treatment. After that, the second core
layer 21 and the second clad layer 22 are made to grow 1n the
second semiconductor optical device region AR2. For
example, the MOVPE method can be used for making the
second core layer 21 and the second clad layer 22 grow.

First, when an angle 0 which the lower end 12563 forms with
the (001 ) plane and which 1s obtained by the mass transport 1s
40 degrees as 1llustrated 1n FI1G. 5, the growth of the second
core layer 21 and the second clad layer 22 1s as follows.

In the second semiconductor optical device region AR2 the
second core layer 21 grows upward from the substrate 30 and
on a side of the first semiconductor optical device 10. That 1s
to say, the second core layer 21 also grows on the end 1156 of
the first core layer 11 and the upper end 1251, the middle end
12562, and the lower end 12563 of the first clad layer 12. IT at
this time there 1s a B plane, like the lower end 12563 illustrated
in FI1G. 5, which forms a relatively little angle 0 (angle of 40
degrees, for example) with the (001) plane, then a stacking
fault 50 may occur 1n the BJ portion between the first semi-
conductor optical device 10 and the second semiconductor
optical device 20. The likely reason for the occurrence of the
stacking fault 50 1s that the impact of a growth surface of the
second core layer 21 which grows along the lower end 1253
that 1s a B plane and a growth surface of the second core layer
21 which grows along the end 115 of the first core layer 11
that 1s an A plane takes place.

I1 the second clad layer 22 1s made to grow after the growth
of the second core layer 21 1n a state 1n which the above
stacking fault 50 has occurred, then the stacking fault 50 may
also occur 1n the second clad layer 22.

The stacking fault 50 which occurs in the Bl portion
between the first semiconductor optical device 10 and the
second semiconductor optical device 20 may cause a deterio-
ration 1n the reliability of the fabricated semiconductor opti-
cal integrated device 1.

Furthermore, when the second core layer 21 and the second
clad layer 22 are made to grow 1n a state indicated in FIG. 5,
abnormal growth may take place in the BJ portion between
the first semiconductor optical device 10 and the second
semiconductor optical device 20. This abnormal growth may
cause an 1ncrease 1n the thickness of a film 1n the BJ portion
between the first semiconductor optical device 10 and the
second semiconductor optical device 20. This may lead to a
change 1n refractive mndex 1n the BJ portion and a deteriora-
tion of the mitial characteristics such as optical output.

In the case of FIG. 3 1n which a B plane 1s not formed or 1n
the case of FIG. 4 in which a B plane that forms a relatively
great angle 0 with the (001) plane 1s formed, on the other
hand, a stacking fault 50 or abnormal growth like that
described above hardly takes place.

As 1llustrated 1n FIG. 3, 1t the mass transport progresses
very far and both of the middle end 12562 and the lower end
12563 of the first clad layer 12 are (110) planes, the impact of
growth surfaces of the second core layer 21 1s controlled at the
time of the growth of the second core layer 21. That 1s to say,
the impact of a growth surface of the second core layer 21
which grows along the middle end 1262 and the lower end
1253 that are (110) planes and a growth surface of the second
core layer 21 which grows along the end 115 of the first core
layer 11 that 1s an A plane 1s controlled and the occurrence of
a stacking fault 50 like that described above i1s controlled.
Therefore, 1t 1s possible to make the second clad layer 22 grow
aiter the growth of the second core layer 21, while controlling
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the occurrence of a stacking fault 50. In addition, when the
second core layer 21 and the second clad layer 22 are made to
grow 1n a state mdicated 1n FIG. 3, the occurrence of abnor-
mal growth 1s also controlled.

Furthermore, as 1llustrated in F1G. 4 in which the lower end
12563 that 1s a B plane and that forms a relatively great angle
0 (angle of 70 degrees, for example) with the (001) plane 1s
formed, the occurrence of a stacking fault 50 like that
described above 1s controlled. The impact of a growth surface
of the second core layer 21 which grows along the lower end
1253 thatis a B plane and a growth surface of the second core
layer 21 which grows along the end 115 of the first core layer
11 that 1s an A plane takes place, but 1t may safely be said that
a stacking fault 50 hardly occurs. Accordingly, 1t 1s possible to
make the second clad layer 22 grow after the growth of the
second core layer 21, while controlling the occurrence of a
stacking fault 50. In addition, when the second core layer 21
and the second clad layer 22 are made to grow 1n a state
indicated 1n FI1G. 4, the occurrence of abnormal growth 1s also
controlled.

The occurrence of a trouble, such as a stacking fault, 1n the
Bl portion between the first semiconductor optical device 10
and the second semiconductor optical device 20 depends on
an angle 0 which the lower end 1263 forms with the (001)
plane. Detailed experiments show that when an angle 0 which
the lower end 1263 forms with the (001) plane meets
55°=0<90°, the occurrence of a trouble i the BJ portion
between the first semiconductor optical device 10 and the
second semiconductor optical device 20 can be controlled.
The first semiconductor optical device 10 1s made to grow by
the BJ growth method before the growth of the second semi-
conductor optical device 20. The lower end 12563 of the first
clad layer 12 on the first semiconductor optical device 10 side
1s formed so that 1t will form a determined angle 0 with the
(001) plane. The second semiconductor optical device 20 1s
then made to regrow. By doing so, the high performance
semiconductor optical integrated device 1 with high reliabil-
ity can be realized.

In the above description the case where the end portion 124
of the first clad layer 12 on the first semiconductor optical
device 10 side covers a part of the end 115 of the first core
layer 11 1s taken as an example. However, the end portion 12a
of the first clad layer 12 may cover the entire end 115 of the
first core layer 11.

FIG. 6 1s another example of the structure of a semicon-
ductor optical integrated device. FIG. 6 1s a fragmentary
schematic sectional view of an example of a semiconductor
optical integrated device.

With a semiconductor optical integrated device 1a illus-
trated 1n FI1G. 6, an entire end 115 of a first core layer 11 on a
first semiconductor optical device 10 side 1s covered with an
end portion 12q of a first clad layer 12. In the other respects
the structure of the semiconductor optical mtegrated device
1a 1s the same as that of the above semiconductor optical
integrated device 1.

The end portion 12a of the first clad layer 12 has an upper
end 1261 which 1s an A plane and a middle end 1252 and a
lower end 1263 which are (110) planes (that 1s to say, the
above angle 0 1s 90 degrees).

For example, 1n order to form this end portion 12a, side
ctching 1s performed 1n the following way at the time of
forming the first semiconductor optical device 10. An amount
S1 by which the first core layer 11 1s side-etched 1s made
large, compared with an amount S2 by which the first clad
layer 12 1s side-etched and compared with the case of the
above FI1G. 2B. By doing so, a larger amount of mass trans-
port progresses in the end portion 12a at the time of heat
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treatment performed later. Accordingly, a structure in which
the entire end 115 of the first core layer 11 1s covered with the
end portion 12a aiter the mass transport can be obtained.

By adopting this structure, the impact of growth surfaces or
abnormal growth 1s controlled at the time of the regrowth of a
second core layer 21 and a second clad layer 22 of a second
semiconductor optical device 20 performed after the forma-
tion of the first semiconductor optical device 10. As a result,
the high performance semiconductor optical integrated
device 1a with high reliability can be realized.

In the above description the first clad layer 12 1s side-
ctched 1n the step of FIG. 2B. However, it 1s not necessary to
side-etch the first clad layer 12. Even i1 the first clad layer 12
1s not side-etched, mass transport occurs in the first clad layer
12 by side-etching the first core layer 11 and then performing

heat treatment. I as a result of this mass transport, the middle
end 1252 of the first clad layer 12 becomes a (110) plane and

an angle 0 which the lower end 1263 forms with the (001)

plane meets 55°=0<90°, then the occurrence of a trouble,
such as a stacking fault, can also be controlled at the time of
regrowth on the second semiconductor optical device 20 side.

When the above semiconductor optical integrated device 1
or 1a 1s fabricated, the BJ portion 1n which the occurrence of
a trouble, such as a stacking fault, 1s controlled can be formed,
for example, by selectively wet-etching the first clad layer 12
and the first core layer 11. In this case, the shape after the
ctching of the sides or bottoms of the first clad layer 12 and the
first core layer 11 can be reproduced with accuracy.

In addition, heat treatment which causes mass transport 1n
the first clad layer 12 can be performed, for example, 1n a
reactor of a MOVPE system 1n which the second core layer 21
1s made to grow. After the heat treatment 1s performed, the
second core layer 21 can be made to grow. In this case, 1t 1s
possible to obtain a Bl portion in which the occurrence of a
trouble, such as a stacking fault, 1s controlled without increas-
ing the number of steps.

A semiconductor optical integrated device will now be
described more concretely.

A first embodiment will be described first.

Description will be given with a modulator-integrated laser
(semiconductor optical integrated device) in which a laser
(semiconductor optical device) and a modulator (semicon-
ductor optical device) are integrated as an example. Such a
modulator-integrated laser will now be described 1n order of
fabrication step.

FIG. 7 1s a fragmentary schematic sectional view of a first
semiconductor growth step 1n a first embodiment.

First a semiconductor layer in which a laser 1s to be formed
1s formed over an n-InP (001) substrate 101. The semicon-
ductor layer can be made to grow by the use of the MOVPE
method.

First an n-InP buffer layer 102 with a carrier concentration
0f 5x10"” cm™ is made to grow over the n-InP (001) substrate
101. An n-InGaAsP layer 103 with a carrier concentration of
5x10'" em™, a composition wavelength of 1.1 um, and a
thickness of 100 nm 1s then made to grow over the n-InP
butiler layer 102. After that, an n-InP cap layer with a carrier
concentration of 5x10'" ¢m™ and a thickness of 10 nm is
made to grow over the n-InGaAsP layer 103. Resist coating,
clectron beam exposure, development, and etching are then
performed 1 order to form a diffraction grating 103q at
pitches 01 200 nm 1n the n-InGaAsP layer 103 1n alaser region
AR11. An n-InP spacer layer 104 with a thickness of 100 nm
for burying the difiraction grating 103¢ 1s then made to grow
in a temperature range 1n which the formed diffraction grating
103a 1s not thermally deformed.
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An AlGalnAs separate confinement heterostructure (SCH)
105A with a composition wavelength of 1.1 um and a thick-
ness of 50 nm 1s then made to grow. In order to form an
AlGalnAs multiquantum well layer, an AlGalnAs barrier
layer 105B with a composition wavelength of 1.1 um and a
thickness of 10 nm and an AlGalnAs well layer 105C with a

composition wavelength of 1.45 um and a thickness of 5 nm
are then repeatedly (total of ten cycles, for example) made to
grow. In addition, an AlGalnAs separate confinement hetero-
structure 105A with a composition wavelength of 1.1 um and
a thickness of 50 nm 1s made to grow. By doing so, an

AlGalnAs core layer 105 1s formed.

A p-InP clad layer 106 with a carrier concentration of
5x10'" cm™ and a thickness of 150 nm is then made to grow

over the AlGalnAs core layer 105.

FIG. 8 1s a fragmentary schematic sectional view of a first
ctching step in the first embodiment.
After each semiconductor layer 1s formed as 1llustrated 1n

FIG. 7, dielectric masks 107 are formed in the laser region
AR11. Each dielectric mask 107 extends 1n the (110) orien-

tation and has the shape of a pattern which 1s 20 um 1n width
and 300 um 1n length. The dielectric masks 107 are formed 1n
the (110) onentation at intervals of 600 um. The dielectric
masks 107 are made of, for example, silicon dioxide (510,).

Dry etching 1s then performed 1n a modulator region AR12

with the dielectric masks 107 as a mask. Inthis case, the p-InP

clad layer 106 and the AlGalnAs core layer 105 1n the modu-
lator region AR12 are etched to a part of the AlGalnAs core
layer 105 (to a depth of about 280 nm, for example).

FIG. 9 1s a fragmentary schematic sectional view of a
second etching step 1n the first embodiment.

After the etching illustrated 1n FIG. 8 1s performed, the

p-InP clad layer 106 1s wet-etched. The p-InP clad layer 106
1s selectively etched by the use of a bromine (Br)-based

ctchant. The p-InP clad layer 106 1s side-etched by this etch-

ing so that an amount S12 by which an end portion 1064 of the
p-InP clad layer 106 1s side-etched will become about 100
nm. Atthistimea(111) A plane appears on an end 10656 of the
p-InP clad layer 106.

Furthermore, a penthouse of the dielectric mask 107 1s

formed over the p-InP clad layer 106 as a result of this side
etching. This penthouse of the dielectric mask 107 prevents a
semiconductor from growing onto the dielectric mask 107 at
the time of the growth of a semiconductor layer in which a
modulator described later 1s to be formed.

FI1G. 10 1s a fragmentary schematic sectional view of a third
ctching step in the first embodiment.

After the p-InP clad layer 106 1s side-etched, the AlGalnAs
core layer 105 1s wet-etched. The AlGalnAs core layer 105 1s
selectively etched by the use of a solution of dilute sulfuric
acid and hydrogen peroxide water as an etchant. The
AlGalnAs core layer 103 1s side-etched by this etching so that
an amount S11 by which an end portion 1054 of the AlGalnAs
core layer 105 1s side-etched will become about 120 nm. At
this time a (111) A plane appears on an end 10356 of the
AlGalnAs core layer 105.

In addition, the n-InP spacer layer 104 under the AlGalnAs
core layer 105 gets exposed in the modulator region AR12 by
this etching. By properly setting conditions under which the
AlGalnAs core layer 105 1s wet-etched, 1t 1s possible to con-
trol etching of the n-InP spacer layer 104, selectively etch the
AlGalnAs core layer 105, and set the side etching amount S11
to a determined value.

FI1G. 11 1s a fragmentary schematic sectional view of a heat
treatment step 1n the first embodiment.
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After the p-InP clad layer 106 and the AlGalnAs core layer
105 are wet-etched, heat treatment 1s performed to cause mass
transport 1n the end portion 1064a of the p-InP clad layer 106.

For example, the substrate after the wet etching 1s set 1n a
reactor of a MOVPE system and its temperature 1s raised to
690° C. 1n an atmosphere of PH,;. At this time mass transport
of InP occurs. For example, as illustrated in FIG. 11, the (111)
A plane remains 1in an upper part of the end portion 1064 of the
p-InP clad layer 106 and a (110) plane which forms an angle
of 90° with a (001) plane appears in a lower part of the end
portion 1064 of the p-InP clad layer 106. An upper part of the
end 1055 of the AlGalnAs core layer 105 1s covered with the

end portion 106qa of the p-InP clad layer 106 after the mass
transport and a lower part of the end 10556 of the AlGalnAs
core layer 105 1s kept 1n a state in which the (111) A plane 1s

exposed. A (110) plane 1s formed on a side of the p-InP clad
layer 106 and 1s connected to the end 1035 of the AlGalnAs

core layer 105.

This shape of the side of the p-InP clad layer 106 can be
obtained by properly setting the above side etching amounts
S11 and S12 (FIGS. 9 and 10) and causing suificient mass
transport by the heat treatment (FIG. 11).

FIG. 12 1s a fragmentary schematic sectional view of a
second semiconductor growth step 1n the first embodiment.

After the mass transport 1s caused 1n the end portion 1064
of the p-InP clad layer 106 by the heat treatment, an AlGalnAs
core layer 108 and a p-InP clad layer 109 are made to grow 1n
the modulator region AR12. This 1s the same with the laser
region AR11 side.

In order to form the AlGalnAs core layer 108, first an
AlGalnAs separate confinement heterostructure with a com-
position wavelength of 1.2 um and a thickness of 50 nm 1s
made to grow. In order to form an AlGalnAs multiquantum
well layer, an AlGalnAs barrier layer with a composition
wavelength of 1.2 um and a thickness of 5 nm and an
AlGalnAs well layer with a composition wavelength of 1.35
um and a thickness of 10 nm are then repeatedly (total of ten
cycles, for example) made to grow. In addition, an AlGalnAs
separate confilnement heterostructure with a composition
wavelength of 1.2 um and a thickness of 50 nm 1s made to
gTOW.

A p-InP layer with a carrier concentration of 5x10"" cm™
and a thickness of 150 nm 1s made to grow as the p-InP clad
layer 109.

When the AlGalnAs core layer 108 1s made to grow, crystal
surfaces which are exposed on the sides on the laser region
AR11 side are the (111) A plane and the (110) plane. Accord-
ingly, the impact of growth surfaces can be avoided and the
occurrence of a stacking fault or the like can be controlled. As
a result, the p-InP clad layer 109 in which the occurrence of a
stacking fault or the like 1s controlled can be formed.

As stated above, a penthouse of the dielectric mask 107 1s
formed. By doing so, the AlGalnAs core layer 108 and p-InP
clad layer 109 can be made to grow 1n a region below the
dielectric mask 107.

The AlGalnAs core layer 108 and p-InP clad layer 109 can
be made to grow by the use of the same MOVPE system after
the heat treatment for causing mass transport in the end por-
tion 106a of the p-InP clad layer 106. At this time the heat
treatment can be used as a temperature rise step and a tem-
perature maintenance step before the beginning of the growth
of the AlGalnAs core layer 108 (before the introduction of
materials). By doing so, an increase in the number of steps
performed for realizing the shape of the end portion 106a of
the p-InP clad layer 106 illustrated 1n FIG. 11 can be con-
trolled.
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By performing the above steps illustrated in FIGS. 7
through 12, a structure (BJ structure) in which a basic struc-
ture of a laser and a basic structure of a modulator are joined
together 1n a state 1n which they are arranged 1n the (110)
orientation and in which they are optically connected 1is
obtained over the n-InP (001) substrate 101.

FI1G. 13 1s a fragmentary schematic sectional view of a third
semiconductor growth step 1n the first embodiment.

After the basic structure of the laser and the basic structure
of the modulator are formed 1n the way illustrated in FIGS. 7
through 12, first the dielectric mask 107 1s removed. A deter-
mined semiconductor layer 1s then made to grow.

First a p-InP clad layer 110 with a carrier concentration of
1x10"® cm™ and a thickness of 1.5 um is made to grow over
the substrate from which the dielectric mask 107 has been
removed. An p-InGaAs contact layer 111 with a carrier con-
centration of 1x10"” cm™ and a thickness of 0.5 um is then
made to grow.

FIG. 14 1s a fragmentary schematic sectional view of a
buried layer formation step in the first embodiment. FI1G. 14 1s
a schematic sectional view of the laser region AR11 from the
(110) orientation.

After the p-InP clad layer 110 and the p-InGaAs contact
layer 111 are formed, a buried layer 112 1s formed.

In order to form the buried layer 112, first a mask 113 with
a width of 1.5 um which extends i1n the (110) orientation so as
to cover regions corresponding to the basic structure of the
laser and the basic structure of the modulator (laser region
AR11 and the modulator region AR12) 1s formed. A plurality
of masks 113 may be formed like stripes (not 1llustrated for
convenience).

After the mask 113 1s formed, dry etching 1s performed 1n
order to form a groove 114 which reaches the n-InP (001)
substrate 101 and to form a mesa 1135 which 1s 3 um 1n height.
An InP layer doped with iron (Fe) 1s then buried on both sides
of the mesa 115 to form a buried layer 112 illustrated in FIG.
14.

FIG. 15 1s a fragmentary schematic sectional view of a
semiconductor optical integrated device according to the first
embodiment.

After the buried layer 112 1s formed, the p-InGaAs contact
layer 111 1s separated 1nto the p-InGaAs contact layer 111 on
a laser 116 side and the p-InGaAs contact layer 111 on a
modulator 117 side and a p-side electrode 118 1s formed over
cach p-InGaAs contact layer 111. Alternatively, a p-side elec-
trode 118 1s formed over the p-InGaAs contact layer 111 and
then the p-side electrode 118 and the p-InGaAs contact layer
111 are separated. An n-side electrode 119 1s formed on the
back of the n-InP (001) substrate 101. After that, cleavage 1s
performed at the ends of the laser 116 and the modulator 117
(at positions by which a length of 600 um 1s obtained 1n a
direction 1n which light travels) and an antiretlection coating
120 1s formed on ends of the laser 116 and the modulator 117.
By doing so, a modulator-integrated laser 100 1llustrated 1n
FIG. 15 1s fabricated.

I1 1n the step 1llustrated in FIG. 14, a plurality of masks 113
are formed like stripes, a plurality of mesas 115 are formed
like stripes, and buried layers 112 are formed between mesas
115, then an array of modulator-integrated lasers 100 1s
obtained by the above cleavage. In this case, an antireflection
coating 120 1s formed on ends of each laser 116 and each
modulator 117 after the cleavage and then the array 1s cleaved
turther into chips each including a determined number of
modulator-integrated lasers 100.

A second embodiment will now be described.

Description will be given with a distributed retlector (DR)
laser (semiconductor optical integrated device) 1in which a
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distributed feedback (DFB) laser (semiconductor optical
device) and a distributed Bragg retlector (DBR) (semicon-
ductor optical device) are integrated as an example. Such a
DR laser will now be described 1n order of fabrication step.

FIG. 16 1s a fragmentary schematic sectional view of a first
semiconductor growth step 1n a second embodiment.

First a semiconductor layer in which a DFB laser 1s to be
formed 1s formed over an n-InP (001) substrate 201. This
semiconductor layer can be made to grow by the use of the
MOVPE method.

First an n-InP buffer layer 202 with a carrier concentration
of 5%10'7 cm™ and a thickness of 300 nm is made to grow
over the n-InP (001) substrate 201 at a growth temperature of
630° C. Resist coating, electron beam exposure, develop-
ment, and etching are then performed 1n order to form a
diffraction grating 202a at a pitch of 200 nm and a depth o1 50
nm 1in the n-InP bufler layer 202 1n a DFB laser region AR21
and a DBR region AR 22. After that, the temperature 1s raised
again to a growth temperature of 630° C. In order to bury the
diffraction grating 202q formed in the n-InP butter layer 202,
an n-InGaAsP layer 203 with a carrier concentration of
5%x10"" cm™ and a composition wavelength of 1.1 um is made
to grow. An n-InP spacer layer 204 with a thickness of 20 nm
1s then made to grow over the n-InGaAsP layer 203.

An AlGalnAs separate confinement heterostructure 205A
with a composition wavelength of 1.1 um and a thickness of
30 nm 1s then made to grow. In order to form an AlGalnAs
multiquantum well layer, an AlGalnAs barrier layer 2058
with a composition wavelength of 1.1 um and a thickness of
10 nm and an AlGalnAs well layer 205C with a composition
wavelength of 1.1 um and a thickness of 5 nm are then
repeatedly (total of five cycles, for example) made to grow. In
addition, an AlGalnAs separate confinement heterostructure
205 A with a composition wavelength of 1.1 um and a thick-
ness of 30 nm 1s made to grow. By doing so, an AlGalnAs core
layer 205 1s formed.

A p-InP clad layer 206 with a carrier concentration of
5%10" cm™ and a thickness of 200 nm is then made to grow
over the AlGalnAs core layer 205.

FIG. 17 1s a fragmentary schematic sectional view of a first
ctching step 1n the second embodiment.

After each semiconductor layer 1s formed as illustrated 1n
FIG. 16, dielectric masks 207 o1 S10, or the like are formed 1n
the DFB laserregion AR21. Each dielectric mask 207 extends
in a (110) orientation and has the shape of a pattern which 1s
20 um 1n width and 300 um 1n length. The dielectric masks
207 are formed 1n the (110) orientation at intervals of 100 um.

Dry etching 1s then performed in the DBR region AR22
with the dielectric masks 207 as a mask. In this case, the p-InP
clad layer 206 and the AlGalnAs core layer 205 1n the DBR
region AR22 are etched to a part of the AlGalnAs core layer
2035 (to a depth of about 270 nm, for example).

FIG. 18 1s a fragmentary schematic sectional view of a
second etching step in the second embodiment.

After the etching illustrated in FIG. 17 1s performed, the
p-InP clad layer 206 1s wet-etched. The p-InP clad layer 206
1s selectively etched by the use of a Br-based etchant. The
p-InP clad layer 206 1s side-etched by this etching so that an
amount S22 by which an end portion 206a of the p-InP clad
layer 206 1s side-etched will become about 130 nm. At this
timea (111) A plane appears on an end 2065 of the p-InP clad
layer 206.

Furthermore, a penthouse of the dielectric mask 107 1s
tformed over the p-InP clad layer 206 as a result of this side
ctching. This penthouse of the dielectric mask 107 prevents a
semiconductor which 1s to be made to form later from grow-
ing onto the dielectric mask 207.
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FI1G. 19 1s a fragmentary schematic sectional view of a third
etching step 1n the second embodiment.

After the p-InP clad layer 206 1s side-etched, the AlGalnAs
core layer 203 1s wet-etched. The AlGalnAs core layer 205 1s
selectively etched by the use of a solution of dilute sulfuric
acid and hydrogen peroxide water as an etchant. The
AlGalnAs core layer 205 1s side-etched by this etching so that
an amount S21 by which an end portion 205a of the AlGalnAs
core layer 205 1s side-etched will become about 400 nm. At
this time a (111) A plane appears on an end 2056 of the
AlGalnAs core layer 205.

The n-InP spacer layer 204 under the AlGalnAs core layer
205 gets exposed 1n the DBR region AR22. By properly
setting conditions under which the AlGalnAs core layer 205
1s wet-etched, 1t 1s possible to control etching of the n-InP
spacer layer 204, selectively etch the AlGalnAs core layer
205, and set the side etching amount S21 to a determined
value.

FI1G. 20 1s a fragmentary schematic sectional view of a heat
treatment step 1n the second embodiment.

After the p-InP clad layer 206 and the AlGalnAs core layer
205 are wet-etched, heat treatment 1s performed to cause mass
transport 1n the end portion 206a of the p-InP clad layer 206.

For example, the substrate after the wet etching 1s set 1n a
reactor of a MOVPE system and its temperature 1s raised to
690° C. 1n an atmosphere of PH;. At this time mass transport
of InP occurs. For example, as 1llustrated 1n F1G. 20,the (111)
A plane remains 1n an upper part of the end portion 2064 of the
p-InP clad layer 206 and a (110) plane which forms an angle
of 90° with a (001) plane appears in a lower part of the end
portion 206qa of the p-InP clad layer 206. The whole of the
(111)A plane on the end 2055 ofthe AlGalnAs core layer 205
1s covered with the end portion 2064 of the p-InP clad layer
206 after the mass transport.

This shape of a side of the p-InP clad layer 206 can be
obtained by setting an amount by which the p-InP clad layer
206 protrudes from the AlGalnAs core layer 205 to a rela-
tively great value in the above side etching and causing sui-
ficient mass transport by the heat treatment.

FIG. 21 1s a fragmentary schematic sectional view of a
second semiconductor growth step in the second embodi-
ment.

After the mass transport 1s caused 1n the end portion 2064
of the p-InP clad layer 206 by the heat treatment, an AlGalnAs
waveguide layer 208 with a composition wavelength of 1.2
um and a thickness o1 145 nm and a nondope 1-InP clad layer
209 are made to grow 1n the DBR region AR22.

When the AlGalnAs waveguide layer 208 1s made to grow,
crystal surfaces which are exposed on the sides on the DFB
laser region AR21 side are the (111) A plane and the (110)
plane. Accordingly, the impact of growth surfaces can be
avolded and the occurrence of a stacking fault or the like can
be controlled. Furthermore, this makes it possible to form the
1-InP clad layer 209 in which the occurrence of a stacking
tault or the like 1s controlled.

At this time the AlGalnAs waveguide layer 208 and the
1-InP clad layer 209 can be made to grow 1n a region below the
dielectric mask 207 by the dielectric mask 207.

Furthermore, the heat treatment which causes mass trans-
port 1n the end portion 2064 of the above p-InP clad layer 206
can be used as a temperature rise step and a temperature
maintenance step before the beginning of the growth of the
AlGalnAs waveguide layer 208 (before the mtroduction of
materials).

By performing the above steps illustrated in FIGS. 16
through 21, a structure (BJ structure) in which a basic struc-
ture of a DFB laser and a basic structure of a DBR are jomned
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together 1n a state 1n which they are arranged 1n the (110)
ortentation and 1n which they are optically connected 1is
obtained over the n-InP (001) substrate 201.

FIG. 22 1s a fragmentary schematic sectional view of a
semiconductor optical integrated device according to the sec-
ond embodiment.

After the basic structure of the DFB laser and the basic
structure of the DBR are formed 1n the way illustrated 1n
FIGS. 16 through 21, the dielectric mask 207 1s removed.
First a p-InP clad layer 210 with a carrier concentration of
1x10"® cm™ and a thickness of 1.5 um is made to grow. A
p-InGaAs contact layer 211 with a carrier concentration of
1x10"” cm™ and a thickness of 0.5 pm is then made to grow.

One or more masks with a width of 1.5 um which extend 1n
the (110) orientation so as to cover regions corresponding to
the basic structure of the DFB laser and the basic structure of
the DBR are then formed like stripes. Dry etching 1s per-
formed to form a mesa which 1s 3 um 1n height. An InP layer
doped with Fe 1s buried on both sides of the mesa. This 1s the
same with the above first embodiment.

After that, patterming for leaving the p-InGaAs contact
layer 211 on the DFB laser 216 side and the formation of a
p-side electrode 218 and an n-side electrode 219 are per-
tformed. Cleavage 1s then performed at the ends of the DFB
laser 216 and a DBR 217 (at positions by which a length of
200 num 1s obtained 1n a direction 1n which light travels) and an

antireflection coating 220 1s formed on ends of the DFB laser
216 and the DBR 217. By doing so, a DR laser 200 illustrated

in FIG. 22 1s fabricated.

If an array including a plurality of DR lasers 200 1s
obtained by the above cleavage, an antiretlection coating 220
1s Tormed on ends of each DFB laser 216 and each DBR 217
alter the cleavage and then the array 1s cleaved further into
chips each including a determined number of DR lasers 200.

Furthermore, in the above example the AlGalnAs
waveguide layer 208 1s formed. However, a GalnAsP
waveguide layer may be formed in place of the AlGalnAs
waveguide layer 208.

The first embodiment and the second embodiment have
been described.

In the above first embodiment or second embodiment, as
illustrated 1n FIG. 11 or 20, the (111) A plane remains in the
upper part of the end portion 106a or 206a of the p-InP clad
layer 106 or 206 and the (110) plane which forms an angle of
90° with the (001) plane appears 1n the lower part of the end
portion 106a or 206a of the p-InP clad layer 106 or 206. In
addition to the (110) plane, a crystal surface which forms an
angle that 1s greater than or equal to 55° and less than 90° with
the (001) plane may appear on the side of the p-InP clad layer
106 or 206.

FIG. 23 1s a fragmentary schematic sectional view of
another example of a heat treatment step 1n the above second
embodiment.

Heat treatment atter the side etching causes mass transport
of InP. As a result, the shape of the side of the p-InP clad layer
206 1llustrated in F1G. 23 can be obtained. That 1s to say, in the
example ol FIG. 23 the (111) A plane remains on an upper end
20651 and a (110) plane 1s formed on a middle end 20652, as
a result ol mass transport of InP. In addition, a crystal surface
which forms an angle 0 that 1s greater than or equal to 55° and
less than 90° with the (001) plane 1s formed on a lower end
20653.

Even if such a crystal surface appears aiter the heat treat-
ment, the impact of growth surfaces can be controlled, as
described above, at the time of the following regrowth (BJ
growth). Therefore, the occurrence of a trouble, such as a
stacking fault, 1n a BJ portion can be controlled.
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The same applies to the above first embodiment. The side
of the p-InP clad layer 106 may have the following shape after
the heat treatment. That 1s to say, an upper end 1s the (111) A
plane, a middle end 1s the (110) plane and a lower end 1s a
crystal surface which forms an angle 0 that 1s greater than or
equal to 55° and less than 90° with the (001) plane. As a result,
the occurrence of a trouble, such as a stacking fault, in a BJ
portion can be controlled.

Furthermore, 1n the above first or second embodiment a
semiconductor optical integrated device having a Bl structure
in which two functional devices are arranged in the (110)
orientation and 1n which they are joined together 1s taken as an
example. That 1s to say, a semiconductor optical integrated
device including one Bl portion 1s taken as an example.
However, the above technique can also be applied to a semi-
conductor optical integrated device including a plurality of BJ
portions.

FI1G. 24 1s an example of the structure of such a semicon-

ductor optical integrated device.

In FIG. 24, a DR laser 200a 1s taken as an example of a
semiconductor optical integrated device. With the DR laser
200a DBRs 217 are formed on both sides of a DFB laser 216.
That 1s to say, the DBRs 217 are formed at input end and
output end of the DFB laser 216. These three devices, that 1s
to say, the DBR 217, the DFB laser 216, and the DBR 217 are
arranged 1n the (110) onientation and are formed.

This DR laser 200a can be fabricated 1n accordance with
the steps 1n the above second embodiment. In the etching
steps 1llustrated 1n FIGS. 17 through 19, for example, etching
1s performed 1n DBR regions AR22 which are arranged in the
(110) orientation and between which a DFB laser region
AR21 1s. In the step 1llustrated in FIG. 20, heat treatment 1s
then performed so that both sides 1n the (110) orientation in
the DFB laser region AR21 will have shapes by which deter-
mined crystal surfaces appear. After that, regrowth 1s per-
formed 1n the DBR regions AR22. A p-InP clad layer 210, a
p-InGaAs contact layer 211, a p-side electrode 218, an n-side
clectrode 219, and an antireflection coating 220 are then
tormed. This 1s the same with the above second embodiment.

The DR laser 200q illustrated 1n FIG. 24 includes two Bl
portions (on both sides of the DFB laser 216). Even in such a
case, the occurrence of a trouble, such as a stacking fault, 1n a
Bl portion can be controlled by adopting the above technique.

Furthermore, 1n the above first or second embodiment the
AlGalnAs core layer 105 or 205 including the multiquantum
well layer 1s formed. However, a core layer using a bulk

structure, a quantum wire structure, or a quantum dot struc-
ture can be formed.

In addition, 1n the above first or second embodiment the
n-InP (001) substrate 101 or 201 1s used. However, a p-type
substrate or a semi-insulating (SI) substrate can be used. If a
p-type substrate or an SI substrate 1s used, the structure of an
n-layer formed under a core layer, the placement of an elec-
trode, or the like 1s arbitrarily changed so that carriers can be
supplied to the n-layer.

Furthermore, an optical semiconductor module can be
formed by combining the semiconductor optical integrated
device described in the above first or second embodiment and
another device.

FI1G. 25 1llustrates as an example an optical semiconductor
module using the DR laser 200 described 1n the above second
embodiment.

With an optical semiconductor module 300 illustrated in
FIG. 25, the DR laser 200 1s mounted on a coaxial package
302 having lead pins 301. In addition, a light receiving ele-
ment 303 for back monitor 1s set on the back end side of the
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DR laser 200. Each lead pin 1s connected to the DR laser 200
or the light recerving element 303.

The lead pin 301 connected to the DR laser 200 1s con-
nected to an electrical signal source for driving the DFB laser.
On the other hand, the lead pin 301 connected to the light
receiving element 303 1s connected to a monitor for monitor-
ing an output of the DR laser 200.

The DR laser 200 and the light receiving element 303 are
covered with a cap 305 on which a lens 304 1s fixed. The lens
304 tunctions as an optical output port for condensing laser
light (s1gnal light) outputted from a front end of the DR laser
200 and inputting 1t to an optical fiber placed beyond the lens
304.

The above optical semiconductor module 300 does not
include a thermoelectric cooling element for adjusting the

temperature of the DR laser 200. The reason for this 1s as
follows. The DR laser 200 includes an AlGalnAs-based
active layer, so the DR laser 200 oscillates in single longitu-
dinal mode 1n a wide temperature range.

The optical semiconductor module including the DR laser
1s taken as an example. However, optical semiconductor mod-
ules corresponding to different uses can be formed by com-
bining various semiconductor optical integrated devices,
such as a modulator-integrated laser, and other devices.

According to the disclosed semiconductor optical inte-
grated device, a crystal defect or abnormal growth in a portion
between semiconductor optical devices 1s controlled and its
reliability and performance are improved.

All examples and conditional language provided herein are
intended for the pedagogical purposes of aiding the reader 1n
understanding the mvention and the concepts contributed by
the inventor to further the art, and are not to be construed as
limitations to such specifically recited examples and condi-
tions, nor does the organization of such examples i the
specification relate to a showing of the superiority and infe-
riority of the mmvention. Although one or more embodiments
of the present invention have been described 1n detail, 1t
should be understood that various changes, substitutions, and
alterations could be made hereto without departing from the
spirit and scope of the invention.

What 1s claimed 1s:
1. A method for fabricating a semiconductor optical inte-
grated device, the method comprising:

forming a first core layer over a (001) plane of a substrate;

forming a first clad layer over the first core layer;

leaving the first core layer and the first clad layer formed 1n
a {irst region and etching the first core layer and the first
clad layer formed in a second region which 1s na (110)
orientation from the first region;

after the etching of the first core layer and the first clad
layer formed 1n the second region, forming a first crystal
surface on a side on a second region side of the first clad
layer which remains 1n the first region, the first crystal
surface forming an angle which 1s greater than or equal
to 55 degrees and less than or equal to 90 degrees with a
(001) plane;

alter the forming of the first crystal surface, forming a
second core layer in the second region, the second core
layer being optically connected to the first core layer
which remains 1n the first region; and

forming a second clad layer over the second core layer 1n
the second region; wherein

a part of the second core layer 1s formed between the first
clad layer which remains 1n the first region and the
second clad layer formed 1n the second region.
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2. The method according to claim 1, wherein the forming of
the first crystal surface includes performing heat treatment on
the first clad layer which remains 1n the first region.

3. The method according to claim 2, wherein the first
crystal surface includes at least a (110) plane on a side on the 5
second region side of the first clad layer which remains 1n the
first region due to the heat treatment.

4. The method according to claim 1, wherein the etching of
the first core layer and the first clad layer formed in the second
region 1ncludes side-etching the first core layer and the first 10
clad layer toward a first region side.

5. The method according to claim 1, wherein the forming of
the second core layer includes forming the second core layer
so that the second core layer covers both a whole side on the
second region side of the first core layer which remains 1n the 15
first region and a whole side on the second region side of the
first clad layer which remains 1n the first region.
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